a Here we present a computational study of a full-and a half-monolayer of a Fe 4 single molecule magnet ([Fe 4 (L) 2 (dpm) 6 ], where H 3 L = 2-hydroxymethyl-2-phenylpropane-1,3-diol and Hdpm = dipivaloylmethane, Fe 4 Ph) on an unreconstructed surface of Au(111). This has been possible through the application of an integrated approach, which allows the explicit inclusion of the packing effects in the classical dynamics to be used in a second step in periodic and non-periodic high level DFT calculations. In this way we can obtain access to mesoscale geometrical data and verify how they can influence the magnetic properties of interest of the single Fe 4 molecule. The proposed approach allows to overcome the ab initio state-of-the-art approaches used to study Single Molecule Magnets (SMMs), which are based on the study of one single adsorbed molecule and cannot represent effects on the scale of a monolayer. Indeed, we show here that it is possible to go beyond the computational limitations inherent to the use, for such complex systems, of accurate calculation techniques (e.g. ab initio molecular dynamics) without losing the level of accuracy necessary to gain new detailed insights, hardly reachable at the experimental level. Indeed, long-range and edge effects on the Fe 4 structures and their easy axis of magnetization orientations have been evidenced as their different contributions to the overall macroscopic behavior.
Introduction
Nanotechnology is the branch of technology related to the engineering of devices with dimensions of less than a few tens of nanometers. However, smallness in itself does not represent the only goal. Indeed, the realization of nanodevices by innovative structures with new or ad hoc intrinsic properties can enable breakthroughs in fundamental science and technological applications. [1] [2] [3] One of the possible ways to achieve smallness and novel properties at the same time is represented by the deposition of molecular systems with peculiar properties (catalytic, 4 magnetic 5 and conduction 6 ) on different surfaces.
Recently, a class of molecules with peculiar magnetic properties have been deposited on a surface. 7 The reason for the interest lies in the fact that this class of molecules show a slow relaxation of their molecular magnetization at low temperature: hence the name Single Molecule Magnets (SMMs). 8 The possibility to retain their appealing magnetic properties in addition to the ability to tune them through an external stimulus once adsorbed on a surface can open the way to ultra-high density storage devices 9, 10 and to moleculebased quantum-computing. 11 However, the conservation or the enhancement at the surface of the properties observed for the non-adsorbed SMM system is still an open issue. Indeed, the SMM-surface interaction can easily lead to the suppression of the target properties if wet approaches are used 12, 13 or even to the SMM fragmentation in the case of deposition occurring through sublimation. [14] [15] [16] Such issues can be very relevant for the kind of SMM of interest in this work ( polynuclear complexes). Indeed, even small surface induced structural variations and/or packing effects might dramatically influence the magnetic properties of interest, that, in the case of the SMM class of systems, are the exchange coupling constants J and the magnetic anisotropy parameter D. Therefore, maintaining or improving the balance of the J values, which define the total spin ground state S, and the D values, which define the spin thermal relaxation barrier (U ∝ |D|S 2 ), becomes crucial upon surface absorption.
For these reasons, with the increasing complexity of the system (e.g. shape or electronic structure for the adsorbed molecule and band structure for the surface) the study of the targeted properties becomes a challenging task, both at the experimental level and from a theoretical and computational point of view. The development of experiments and theoretical models, able to gain insights into such complex hybrid systems, is, therefore, a cutting-edge topic in this field. 17 This work focuses on the computational study of the evolution of the deposition process on a metallic surface of single molecule magnets not just modeling it through a single SMM unit adsorbed on the surface but using a whole monolayer of SMM molecules, therefore, including also the packing effects on the properties of interest. The SMM studied in this work is the cluster [Fe 4 (L) 2 
Methods and computational details
The flow-chart of the adopted computational protocol is sketched in Fig. 2 and it represents the extension of the one previously developed and validated on the single Fe 4 Ph molecule adsorbed on Au(111). 22 The main computational details are shown below.
Force field calculations
The Hessian obtained at the pDFT level (vide infra) for the Fe 4 system was used to derive a full set of parameters for the description of the metal core via a classical potential (Force Field -FF). The reference FF is GAFF 23, 24 where the bonding between the metal and the ligands is described by a simple harmonic function, while the non-bonded interactions are described by a 6-12 Lennard-Jones potential and a Coulomb term. A new modified GAFF was validated through a full Before all simulation runs, we performed geometry optimization with the Hessian-free truncated Newton algorithm and a thermalization run of 1 ns, with temperature rescaling, up to 300 K. All the MD runs lasted 10 ns in the microcanonical ensemble (NVE, constant number of particles, N, volume, V, and energy, E).
Ab initio cell set up from MD dynamics cells
To access the electronic information ( pDFT) of the MM/MD structures containing thousands of atoms and, at the same time, saving the packing effects, we had to reduce the cell where only one Fe 4 Ph is present. To do so, we cooled the MM structure down to 200 K with a 0.5 ns run and through a tailored cut we extracted the pDFT cell from the MM/MD one. For the FM system, this resulted in a hexagonal 17 × 17 × 60 Å cell (388 atoms of which 144 Au), while for the HM system a 20 × 23 × 60 Å cubic cell has been used. Such new cells were also refined by a thermal annealing procedure at the pDFT level lowering the temperature to 0 K. It is important to emphasize that this structure is not representative of the full ensemble explored by the simulation, but just a single sampling. However, previous studies 21, 22 already explored the reliability of this procedure and its limits, so, based on these grounds, we employed it as an assay to gain partial but reliable insights into the packing effects on the single molecule properties.
Ab initio calculations
CP2K 26 and ORCA 27 packages were employed for the DFT description. For all the calculations involving the metal surface the CP2K code was used with the meta-GGA TPSS functional, 28 rVV10 corrections for dispersion forces 29 and periodic boundary conditions (PBC). The CP2K code uses a GPW approach (hybrid Gaussian -Plane Wave) in which the electronic density obtained by the Kohn-Sham orbitals in a GTO basis set is mapped to an auxiliary plane wave basis set. The molecular optimized DZVP-MOLOPT-SR-GTH basis set was used along with a cutoff of 450 Ry for the plane wave expansion. To account for the metallic character of the surface, a smearing of the occupation numbers of the molecular orbitals with a Fermi-Dirac distribution with a temperature of 1500 K was considered. All the simulation cells present four layers of gold with the bottom layer kept fixed to mimic the bulk and only one Fe 4 Ph molecule in it. Their dimensions and symmetry are chosen depending on the MM/MD results obtained for the FM and HM scenarios as discussed in details in the following sections.
Calculation of magnetic properties
The isotropic exchange coupling in the Fe 4 family can be described by the spin Hamiltonian: 33 The calculations of anisotropic 
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tensors for the ground state S = 5, D S=5 , were performed within the Giant Spin Approximation (GSA):
where D i is the single ion anisotropic tensor. The anisotropic intensity and its distortion from the perfect axial symmetry are conventionally described with the axial (D) and rhombic (E) parameters, where D eigenvalues are chosen as 0 < |E/D| < 1/3. Diamagnetic substitution of Fe 3+ ions with Ga 3+ ions was used to calculate the single ion anisotropic terms and the g tensors. For the calculations of anisotropic tensors (vide infra) we used the ORCA code 27 with PBE functional, 34 the def2-TZVP/J basis set for iron and oxygen atoms and def2-SVP for all the others. More details about the validation of the computational protocol for the calculation of the anisotropic tensors can be found elsewhere. 35 3. Results and discussion
Full monolayer (FM) scenario -MM structural characterization
The scenario, in which the packing and long-range effects are maximized, is the one where the highest density of Fe 4 Ph is obtained. Relying on the fact that the substrate-molecule interaction has been previously elucidated by us, 22 to understand the effects of the close packing arrangement on Fe 4 Ph's structure, conformations and, consequently, on its magnetic properties, we have chosen to mimic the scenario in which the highest coverage density value of Fe 4 Ph was derived by experimental STM images 20 (see Fig. 3d ). Fig. 3c shows a snapshot after the geometry optimization and at the end of the 10 ns (see the ESI † for the initial snapshot): the Fe 4 Ph monolayer exhibits extensive and stable bidimensional hexagonal-like domains. In detail, once optimized, the system readily evolves in the first ns towards an almost regular compact pattern which is retained over the complete trajectory. Indeed, being that the Fe 4 Ph molecules are quasi-spherical and not charged, the inter-molecular interactions are mainly driven by van der Waals interactions. In this case, the hexagonal packing is the most favorable one since it maximizes the number of contacts and, consequently, the density of Fe 4 Ph on gold. The calculated average distance between the Fe c (mass center) of different molecules along all the trajectory and averaged on all the possible couples shows to be in very good agreement with the average one measured between the spherical objects present in the STM images and associated with the Fe 4 Ph molecules. 20 Moreover, in order to verify how much regular the (Fig. 3a) . In such a framework, the first sharp peak would correspond to the [10] plane and, consequently, to an estimate of the Fe 4 Ph monolayer lattice constant. The other peaks, whose slightly broader shapes reveal a thermal contribution, present a regular recurrence, which maps a hexagonal lattice. As already observed in the single Fe 4 Ph molecule, no particular contact has been found between the Au(111) and Fe 4 Ph monolayer lattices, ruling out any surface imprinting effects on the symmetry of the Fe 4 Ph monolayer. Such a result is of extreme importance since the presence of a sort of "crystallographic" symmetry represents a prerequisite for 2D engineering and the exploitation of system properties of relevance for technological applications. 36 The other fundamental aspect resides in the eventual correlation between the supramolecular order and the magnetic properties. 37 With the aim of exploring this aspect, we have studied the evolution of the angle θ, defined as the direction of the easy-axis of magnetization with the normal to the surface (see Fig. 1 ), for each of the adsorbed Fe 4 Ph molecules. As already shown in previous studies, 9 the direction of the magnetization vector in the Fe 4 family is approximately perpendicular to the plane formed by the four iron atoms. Two distributions of θ were calculated (see Fig. 4 With the aim to identify the two different sub-ensembles of Fe 4 Ph molecules, we explored the distribution of each single molecule without making the average on the whole trajectory that leads to (A). In Fig. 5a the distribution of the maximum θ value found for each single molecule distribution is shown. It is possible to observe two main distributions centred at 34°and 44°, respectively. The latter is pretty wide while the former is narrower and accounts for a much larger number of θ values. However, such an approach does not allow the demonstration of more complex behaviors, i.e. the presence of distributions with two or more maxima. For this reason, we divided the distributions of θ in three families and we mapped each one on the last snapshot of the trajectory (in Fig. 5b the distributions of three representative molecules are reported while in Fig. 5c the last snapshot is presented): one distribution is peaked at 44°(color green); one distribution peaked at 34°(color blue); one wide distribution spanning the two other Fe 4 Ph sub-ensembles (color red). Such an analysis revealed that distribution (A) is not a superposition of only two distributions, but a third sub-ensemble of molecules is present. The mapping shows a detailed degree of disorder that was not evident from the mean values calculated for (A) and (B) distributions. From such an analysis, it has been possible to evidence that when a hexagonal monolayer-like packing is present (Fig. 5b) , a single color is dominant (cyan colored spheres); however, in the presence of lower molecule density a more disordered pattern (different colors) is observed. Interestingly, this mapping procedure hints the presence of subtle border effects, i.e. where the density of the packing is lower. In detail, 30% of the population shows this distribution. We also note the presence of broad distribution for 9% of the total population, referring to molecules experiencing a bulklike environment that occasionally visit the conformation with θ at 44°. On the basis of this analysis, we can affirm that the averaged values of θ are close but different from the ones Fig. 4 (A) Represents the distribution curve of the θ value; (B) represents the distribution curve of the θ mean value. Both curves refer to the MM dynamics of the FM scenario. The probabilities are expressed in arbitrary units. found for the isolated molecule and that they are also affected by the density of the Fe 4 Ph molecules.
FM scenario -pDFT structural refining and magnetic characterization
To obtain information on the electronic structure it is necessary to refine the MM results at a pDFT level as already presented. 22 Since we are interested, first of all, to gain insights into the fine structural effects induced by the monolayer packing, we chose to perform thermal annealing on a single Fe 4 Ph molecule experiencing a hexagonal packing, i.e. corresponding to the Fe 4 Ph molecules colored with cyan (highest density). To do so, we tailored the pDFT cell on the basis of the hexagonal packing observed in the MM simulation cell as explained in Methods and computational details. The interaction with the neighboring Fe 4 Ph molecules is assured by periodic boundary conditions. The final geometry obtained by the thermal annealing refinement (called Fe 4 Ph FM ) shows close resemblance for both the metal core and ligands with the one obtained from the same computational protocol when only a single molecule adsorbed on Au(111) was considered (see the ESI † for all the important internal degrees of freedom). For example Table 1 shows the values of the improper dihedral angle ϕ of the phenyl ring of the ligand towards the surface. As already seen for a single molecule on Au(111), the ϕ angle is an important structural parameter to understand the interaction with the surface. It is clear that it does not vary substantially in the two cases, confirming the similarity of the observed structures. However, magnetic properties are strictly correlated the with structural parameters 35, 38 of the metal core such as the distance Fe c -Fe p , the angle FeÔFe and the γ-pitch angle. The metal core shows a more pronounced deviation from the pseudo-C 3 symmetry towards a C 2 one, but FeÔFe and γ-pitch angles (as reported in Table 1 ) show values that are in the high probability region in the distribution curve computed for the single Fe 4 Ph molecule. 22 The packing Table 2) . Moreover, as suggested by distribution (B) in Fig. 4 , the narrower distribution of θ values indicates that the anisotropy axis orientations are expected to be restricted to the cone defined by the θ angle, in agreement with what was experimentally observed. 7 We can conclude that the inclusion of the packing effects is likely not to introduce sensitive modifications on the core structure and, therefore, on the magnetic structure.
Having access to the g tensor of the individual Fe ions, we have also calculated the dipolar contribution to the isotropic exchange interactions, i.e. the non-vanishing trace of the dipolar interaction, taking a pair of neighboring Fe 4 Ph as the upper limit (see the ESI †). The computed J dip 's are of order of 10 −7 cm −1 as expected for the long intermolecular Fe-Fe distances. The leading anisotropic part of the dipolar interaction depends on the magnetic polarization of the monolayer and its evolution during the magnetization process is known to affect resonant tunneling of the magnetization. 39 The investigation of this aspect will be the subject of a future publication.
Half monolayer (HM) scenario -MM structural characterization
To verify whether the FM results were somehow biased by the chosen experimental high density of Fe 4 Ph on gold, we repeated the procedure starting from a halved number of Fe 4 Ph molecules on the same surface. In other words, we aimed at understanding if the system reaches an ordered state spontaneously, starting from a geometry far away from the full monolayer scenario. We have chosen the HM model because it represents a good compromise between the possibility of having a sparse guess and at the same time a significant chance to observe effective Fe 4 Ph interactions in a relatively short time for an MD simulation. For other concentrations as 1/3 and 2/3, for instance, only one of the two above conditions would be privileged with respect to the other. As evident in the snapshot reported in Fig. 6 , the Fe 4 Ph molecules readily start to arrange themselves in the hexagonal packing as soon as they start interacting with each other. In the following, the formation of clusters with a hexagonal pattern becomes even more evident and it can be straightforwardly supposed that they can act as seeding structures for a more compact and extended surface covering. To ensure that the convergence on that ordered stucture is not biased by the starting geometry and its symmetry, trial calculations (1 ns after thermalization) were performed on a cubic cell, with a starting position in which the Fe 4 Ph molecules were positioned on a square 2D lattice. Also in this case we observed the same hexagonal pattern after the first ns (see the ESI †).
On the basis of these results, the analysis of the hexagonal cell is consistent with the one reported for the FM case. In such a scenario, most of the molecules present a very similar structure to those examined in the FM scenario while a few (11%) of them have explored a different minimum of the conformational space. Indeed, the latter present a θ angle equal to 90°. They are found in low density regions of the surface that correspond to borders of the self-assembled aggregates, suggesting the presence of domain edge effects (from now on Fe 4 Ph HM-edge ). The possibilities of having a low percentage of Fe 4 Ph owing to a θ larger than 35°was somehow predicted by Mannini et al.:
7 indeed, the XMCD data therein presented were fitted by considering also the presence of a low percentage of Fe 4 Ph molecules with θ larger than 35°. However, it is important to point out that any other direct or indirect indication of the presence of such a conformer is not present in the literature. Notably this new Fe 4 Ph HM-edge conformer was not accessible in the single molecule MD, since its presence is a direct consequence of the formation of the bidimensional lattice in a low density scenario. Moreover, the interaction between this conformer and its neighbor is driven by the intermolecular π-π interaction between the phenyl rings, that are found lying parallel to each other and with the surface. However, since this has been observed only for a low percentage of molecules, to have a more quantitative analysis on these aspects it would be necessary to perform a molecular dynamics study on a simulation box built starting from this conformer.
HM scenario -pDFT structural refining and magnetic characterization
On the basis of the similarities observed between the structures of Fe 4 Ph molecules in FM and HM scenarios, we focused our pDFT analysis over the Fe 4 Ph HM-edge conformer, with a θ equal to 90°. We performed thermal annealing on one of these structures, following the same idea explained for Fe 4 Ph FM but, in contrast, it was not necessary to respect the geometry of the packing, since the conformer is present in low density areas (see Fig. 7 ). Therefore a cubic cell has been used, as explained in the Methods and computational details. The laying of the molecule with the trigonal axis parallel to the surface does not affect heavily the structural parameters (FeÔFe, γ-pitch) and the same symmetry of the metal core observed for the full monolayer (Fe 4 Ph FM ) is retained. In fact, the direct contact with the surface of the hfac − ligands is reflected in an average δ dihedral angle which is comparable to the one observed for Fe 4 Ph FM (see Fig. 7 and ESI †). On the other hand, the metal core is shown to be quite rigid (Table 1) , with only minor distortions with respect to the Fe 4 Ph FM , since the major distortions are accounted for by the aforementioned more flexible hfac − ligands. Indeed, from a magnetic point of view, the isotropic couplings remain unchanged with respect to Fe 4 Ph FM and only slight differences are found for the magnetic anisotropy. Since the interaction between the phenyl ring of the tripodal ligand and the surface is weaker in this case, the ϕ angle results in 90°. The presence of this conformer might be a "lead" to future 2D crystal engineering, in which each Fe 4 Ph has the terminal phenyl rings in contact with the neighbors' benzene ring, forming some sort of supramolecular chains on the surface. The possibility to form a regular and stable pattern of such conformers would represent an interesting achievement. Indeed, the disorder of the easy axis of magnetization would be significantly reduced and the orientation would be parallel to the surface. Such a situation is not common to our knowledge in the case of adsorbed SMMs. Moreover, in the case that Fe 4 Ph HM-edge could be switched to Fe 4 Ph FM with external stimuli acting on rotovibrational degree of freedom (laser light, for instance) this would make feasible the control of the easy axis orientation of the Fe 4 Ph molecules in the absence of external magnetic or electric fields.
Conclusions
In this work a multi-scale molecular dynamics computational scheme has been used to study a monolayer of single molecule magnets adsorbed on a metallic surface. This novel approach made it possible to significantly extend simulation length-and time-scales unlocking the possibility to include in the model fundamental features such as the inter-molecular interactions. The model led to the corroboration of previous experimental evidence, like the formation of a 2D hexagonal lattice of molecules on the substrate and the overall stability of the packing. It was also able to prove, for the first time, the formation of a multitude of stable and transient conformers in the selfassembly of Fe 4 Ph@Au(111). These effects cannot directly be extracted from experimental analysis and their presence has so far been only predicted. Finally, a complete characterization of the spin-Hamiltonian of adsorbed Fe 4 Ph has revealed the effect of packing and the variability of conformers. Most importantly, these results has been analyzed from a "device" perspective, highlighting the impact of local disorder on single molecule measurements that can have an influence on the performance of the hybrid interface of molecular spintronic devices. On the other hand, the possibility to have access to several possible conformations revealed the prospect to design, for instance, new packing arrangements with different magnetic properties tunable by external stimuli. The understanding and control of the large-scale self-assembly of these systems is indeed a key factor for their technological applications and constitutes a current and future challenge in the manufacturing of molecular devices.
The level of detailed information obtained with the presented model (as the distribution of the θ angle) is something hardly achievable at the experimental level and, moreover, the MM model overcomes the intrinsic computational difficulty DFT of mimicking, on a large scale, complex systems containing transition metals.
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